A physical restriction map of the genome of the cyanobacterium Synechococcus sp. strain PCC 7002 was assembled from AscI, NotI, Sall, and SfiI digests of intact genomic DNA separated on a contour-clamped homogeneous electric field pulsed-field gel electrophoresis system. An average genome size of 2.7 X 106 bp was calculated from 21 Nod, 37 Salf, or 27 SfiI frgments obtained by the digestions. The genomic map was assembled by using three different strategies: linking clone analysis, pulsed-field fragment hybridization, and individual clone hybridization to singly and doubly restriction-digested large DNA fragments. The relative positions of 21 genes or operons were determined, and these data suggest that the gene order is not highly conserved between Synechococcus sp. strain PCC 7002 and Anabaena sp. strain PCC 7120.
As a model system for the study of oxygenic photosynthesis, cyanobacteria have been used as successful tools to delineate the functional proteins involved in the light and dark reactions of photosynthesis. Several strains of cyanobacteria have been used in these experiments. These include Synechocystis sp. strain PCC 6803 (28, 43, 47) , Anabaena sp. strain PCC 7120 (2), Anacystis nidulans (Synechococcus sp. strain PCC 7942) (18, 36) , and Synechococcus sp. strain PCC 7002 (7) . Unicellular cyanobacteria have been suggested as the progenitors of higher plant chloroplasts (16) , and indeed, these prokaryotes possess as a primary energy source oxygenic photosynthesis which is similar to that found in chloroplasts of higher plants. Comparison of the molecular mechanisms of the photosynthetic apparatus between higher plant chloroplasts and cyanobacteria have shown a noteworthy similarity in protein composition and function (see reference 6 for a review).
In recent years, genome mapping technology has improved to the point where large physical restriction maps can be assembled by using intact genomic DNA isolated in agarose (39, 40) , cut with rare restriction site enzymes, and separated on pulsed-field gel electrophoresis (PFGE) systems (12) . The ability to map complex genomes rapidly allows researchers to explore complicated questions concerning global regulation of metabolism such as genome rearrangement, i.e., heterocyst formation (20) , the control and rate of DNA replication termination (25) , and evolutionary aspects of genome organization (31) .
To better understand the genetic makeup of cyanobacteria, including genes and operons and the diurnal regulation of such operons, a project was started to construct a large-scale physical map of the genome of a unicellular cyanobacterium. Synechococcus sp. strain PCC 7002 was chosen because it possesses the ability to be transformed naturally (15, 42) , is photoheterotrophic (32) , has established plasmid transformation systems (10) , and is used in genetic experiments on photosynthesis (7) . These traits, the ease of growth, and the ability to extract intact genomic DNA, coupled with a small determined genome size of 3 x 106 bp (21) , make this * Corresponding author. Electronic mail address: BILLW@ PHOTO.BCHS.UH.EDU. organism an ideal system for genome mapping. In this study, we determined the physical restriction map of the Synechococcus sp. strain PCC 7002 genome by using primarily NotI and Sall restriction enzyme fragments augmented with fragments generated by digestion with SfiI and AscI. To date, 21 genes or operons have been placed on the physical map.
MATERIALS AND METHODS
Organisms and culture conditions. The cyanobacterium Synechococcus sp. strain PCC 7002 (formerly Agmenellum quadruplicatum) was maintained and cultured under photoautotrophic conditions with an artificial seawater medium (41) . Water-saturated air containing 5 to 7% carbon dioxide was bubbled into 300-ml culture tubes (42 by 3.5 cm in diameter) exposed to direct and continuous light from two standard fluorescent bulbs. Tubes were inoculated with 5 ml of a cyanobacterial culture grown in 50-ml flasks from single colonies. Cells were harvested at the log phase (1 x 108 to 5 x 108 ml-1) (42) and used to prepare genomic DNA for restriction digestions.
Escherichia coli (P2)392 was used as the host organism for lambda-DASH bacteriophage recombinants. Host cells were maintained and cultivated on NZCYM (35) at 37°C.
Lambda-DASH library. Synechococcus DNA was isolated by a modification of a published method (14) as previously described (46) . Partial Sau3AI-digested DNA, size separated on sucrose gradients, was passed through a Schleicher & Schuell elutip column and ligated into the BamHI ends of the vector lambda-DASH (Stratagene). The lambda recombinants were packaged by using the one-strain packaging system SMR10 (34) . The packaged phage were plated by using (P2)392 host cells in top agarose on NZCYM plates. The genomic library was maintained as 1,539 individual lambda-DASH clones, each amplified in 5 ml, labeled, and stored at 4°C in 19 racks at 81 clones per rack.
Preparation of genomic DNA. Cells were harvested by centrifugation at 7,000 x g. The cell pellet was washed two or three times with 0.5 M EDTA, pH 8.0, and resuspended to GENOMIC MAP OF PCC 7002 5107 for 20 to 30 min. An equal volume of 1% (wt/vol) insert agarose (FMC, Rockland, Maine) in 2% sodium sarcosyl was added to the cell suspension. The lysed cell suspensioninsert agarose mixture was maintained at 450C for several minutes, until the solution was completely mixed, and 0.75 ml was poured into each of nine wells (1.2 by 1.2 by 0.5 cm) in a precooled block mold and further cooled at 40C until the agarose solidified. Care was taken to prevent settling of the cells before gel solidification. Each agarose gel block was sliced into six 1-to 1.5-mm slices. The gel slices from 7 ml of the agarose-cell mixture were suspended in 50 ml of 0.5 M EDTA (pH 8.0)-1% sodium sarcosyl (incubation buffer) and incubated overnight at 370C. The incubation buffer was changed several times, until most of the yellowness was removed. The white translucent gel slices from 7 ml of the agarose-cell mixture was resuspended in a total of 10 ml, proteinase K was added to 0.5 mg ml-1, and the mixture was incubated overnight at 500C. The wash solution was changed several times with incubation buffer until the gel slices were colorless and transparent. Phenylmethylsulfonyl fluoride, at 1 mM in lx TE (10 mM Tris-HCI, 1 mM EDTA, pH 8.0), was added to the gel slices and incubated for 2 h, after which the slices were washed several times in lx TE.
Genomic DNA digestion in preparation for PFGE. Intact genomic DNA prepared as described above in agarose slices was digested with restriction enzymes AscI, NotI, Sail, and SfiI. Digestion was accomplished by placing an individual gel slice in a 1.5-ml tube and adding sufficient water to produce a volume of 180 pul and addition of 20 pul of 1Ox restriction buffer and 10 to 20 U of a restriction enzyme. Digestion was allowed to proceed for a minimum of 4 h at 370C. Sfi1 digestion was carried out at 50'C with addition of 1% Triton X-100 and 0.1 mg of bovine serum albumin ml-1.
PFGE of restriction enzyme-digested genomic DNA. The insert agarose gel slices containing NotI or SalI restriction enzyme-digested genomic DNA were inserted into sample wells of a 1% agarose gel (10 by 15 cm) containing lx TBE (0.09 M Tris, 0.11 M boric acid, 20 mM EDTA). The gel was electrophoresed on a contour-clamped homogeneous electric field (12) pulsed-field system controlled by a personal computer used to vary switch times, maximizing fragment separation within the size range required for the experiment. Switch times of 35 s for 24 h followed by 20 s for 12 h were used to separate the 420-to 150-kbp range, while shorter pulse times separated shorter fragments. Lambda concatemers (44) were used as size markers. PFGE DNA fragments, used as hybridization probes, were run in 1% low-meltingpoint agarose (Bethesda Research Laboratories) stained with ethidium bromide. Visualized bands were excised from the gel and labeled without further purification.
Southern transfer of PFGE gels. Southern transfer of PFGE gels was done as previously described (1) , with a depurination step. After denaturation and neutralization, the DNA was transferred by using a vacuum blot system under a 100-mm Hg vacuum for 2 h with 4x SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate) to Magnagraph nylon membranes. The membranes were exposed to UV light, prehybridized, and hybridized as previously described (46) .
Radiolabeling of PFGE restriction fragments. Excised fragments from pulsed-field gels were labeled as follows. The labeling reaction was done in a 50-pl volume containing 10 mM MgCl2, 25 bands appear to be stained twice as intensely as the other bands, an indication that the two fragments possess similar mobilities. The sixth band was resolved in Fig. 1 .
Sall digestion produced several well-separated fragments above 100 kbp and several poorly separated fragments below 100 kbp. SC-230 and SD-225 are not individually distinguishable; nevertheless, they were identified by NotI-SalI double digestion as described later in the text. Several of the smaller SalI fragments separated on gels with shorter switch times were more difficult to map because of their size and number.
The SfiI fragments were more uniform in size than the Sall fragments; however, the larger fragments, ranging from 180 to 79 kbp, were clustered, making it harder to assign individual fragments. Interestingly, the smaller SfiI fragments, ranging in size from 64 to 12 kbp, were well separated. As described above, the smaller fragments produced by SfiI were separated on gels with shorter switch times (data not shown).
The summation of the restriction fragment sizes produced by Nod, SalI, and SfI individually yielded genome sizes of 2.63 x 106, 2.7 x 10 , and 2.73 x 10 bp, respectively (Table  1) . This compares favorably with the genome size determined by renaturation kinetics (21) . The size of this genome is about 0.6 times that of the E. coli genome (40 Hybridizing lambda clones were amplified, and their DNA was used to probe filters of Southern-blotted pulsed-field gels of genomic DNA restricted with Sall, NotI, and NotISai. The hybridization data from NotI and Sail linking clones is summarized in Table 2 . Data from other nonlinking clones which added overlap data to the map are also included in Table 2 . Figure 3 is representative of hybridization data generated with linking clones. Figure 3 shows clone AG18-26 hybridizing to NA-420 and NE-185, suggesting that these fragments are linked.
Excised restriction fragments from PFGE run in lowmelting-point agarose were labeled as described in Materials and Methods and used as probes to screen Southern filters. Figure 4 , which shows the hybridization of labeled AA-450, the largest AscI fragment, to PFGE-separated NotI and SalI fragments, is representative of the data derived from fragment hybridization to PFGE filters. The data accumulated by this procedure are summarized in Table 3 .
Mapping of similar-sized fragments. Several closely migrating NotI or SalI fragments were difficult to distinguish from one another unequivocally. The identities and map positions of these fragments were determined by doublerestriction enzyme digestion with NotI and SalI coupled with hybridization with specific probes. The closely migrating fragments were grouped into two sets, group I (NE-185, NF-175, and NG-170) and group II (NI-108, NJ-105, and NK-100). NE-185, NF-175, and NG-170 fragments were difficult to separate, making gene assignments and map positions ambiguous at best, and unfortunately, SalI digestion alone also could not distinguish among these NotI fragments because SC-230 and SD-225 overlapped with two of the NE-185, NF-175, or NG-170 fragments. NE-185 was found to be almost completely contained within one of the SC/SD fragments, producing the third-largest NotI-SalI double-digestion fragment (N/S)C-185. These three fragments were selected by hybridization to the AquI-methylase probe ( Fig. 6C .
The NI-108, NJ-105, and NK-100 fragments were also difficult to separate. Specific probe hybridization to NotIdigested DNA filters did not distinguish among these three. NI-108 was defined as the only fragment among these three that was apparently not cut with SalI (Fig. 5) . By hybridization, SH-120 selected the NI-108 fragment and NI-108 hybridized to the same-size NotI-SalI double-digestion fragment depicted in Fig. 6D (Fig. 6E) . These working definitions were used to distinguish among these three closely migrating fragments. The remaining NotI fragments were easily separated by decreasing the switch times on the pulsed-field gel.
Construction of the map. The left end of the largest NotI fragment, NA-420, characterized by NotI linking clones AG12-57, AG12-7, AG18-26, and AG18-64 connecting NE-185 and NA-420, was arbitrarily assigned base number 1, and the genome was numbered clockwise from that position (Fig.  7) Since the SC/D-230 fragments comigrate, they were used together as a probe. They hybridized to NK-100, NE-185, NF-175, and ND-238, which was consistent with their assigned map positions. Sfi1 fragment FU-62 hybridized to ND-238, NF-175, SD-225, and SL-88, reinforcing our initial assignment. SalI linking clone AG1-2 hybridized to SL-88, SU-30, and NF-175. Linking clones AG11-43 and AG14-6 connected NF-185, NU-4, and NB-370 by hybridization. The NotI digest of these two clones generated the 4-kbp fragment NU-4. Clone AG11-43 was also shown to contain thepetCA operon (46) . NB-370 selected several Sall fragments, the largest of which was SI-117, followed by SM-86, S0-73, SQ-47, SV-28, and several smaller Sail fragments. (Fig. 4) . NotI SfiI fragment FG-140 hybridized to NK-100, NP-30, NO-38, and NE-185. SC/D-230 hybridized to NK-100, and NK-100 hybridized to both SC/D-230 and SF-150. These results were in agreement and consistent with the map. As previously stated, NE-185 is linked to NA-420 by several linking clones, which completes the circular genome. Figure 8 represents the genome in the circular configuration.
As mentioned above, the weakest area is the part of the genome around NJ-105 which lacks good linking clone data. However, this was the only place on the map where a NotI fragment over 50 kbp could be placed. The SN-75 linking data limited the choices and led to placement of the fragment at this position. The SN-75 overlap evidence is the only data for the map at this position, but on that basis alone, the map is consistent with the data that we have accumulated.
To date, 21 probes from specific genes or operons were hybridized to Southern-transferred, PFGE-separated genomic DNA digested with NotI or Sail. These loci were placed on the map (Fig. 7) . Table 4 shows the selection of specific NotI and/or Sail fragments by these probes. Most gene probes were homologous DNA fragments from PCC 7002 or from other cyanobacterial strains. The rn operons were located by polymerase chain reaction-amplified 16S DNA with specific primers for 16S genes. The resulting DNA was used to probe filters and screen the phage library. Sequencing of DNA fragments from selected phage produced 16S sequence data (unpublished data). The locus designated irtA, the light-repressed transcript, was isolated by an RNA probe derived from dark-adapted cells. This gene is homologous to chloroplast-specific ribosomal small-subunit protein PSrp-1 (22, 48) (unpublished data). The wox4 gene (psbO) (4, 9), manganese-stabilizing, water-oxidizing gene A, was found serendipitously by random sequencing of EcoRI fragments derived from the cosmid containing 1rtA.
Plasmid identification. Several covalently closed circular DNA (cccDNA) molecules from Agmenellum quadruplicatum have been identified (33) . They range in size from 3 to 114 kbp. Of these cccDNAs, the smallest was shown to be a self-replicating plasmid which has been engineered into several chimeric plasmids (10) . These cccDNAs were detected by two different methods, PFGE of undigested DNA isolated in agarose and cesium chloride gradient centrifugation, as previously described (33) , followed by PFGE (unpublished data). Since these are closed circular species, the migration distances on PFGE do not necessarily correspond to the sizes in base pairs. The relative migration sizes of these cccDNAs are 3, 6, 12, 50, 115, 145, and 330 kbp. The cccDNA concentrations were substoichiometric to the genome DNA. Figure 2 shows two such bands at 330 and 145 kbp. The ratios of these cccDNAs varied but were consistent with previous findings (33 (26) , and this appears to be true for PCC 7002 as well. The lack of short repeated sequences made physical mapping much easier. The 21 NotI fragments found in the genome of PCC 7002 had a reasonable size distribution from 420 to 4 kbp, which yielded unambiguous results, except for the size ranges of 170 to 200 and 100 kbp. Sail and NotI-Salf digests were used to assign the order of the ambiguous-size fragments. The fewer the rarely cutting restriction sites, the easier the assembly of the map; however, the presence of too few fragments gives a paucity of data, especially when gene order and distribution are addressed. The presence of too many restriction fragments causes difficulty in map assembly, as seen with Anacystis nidulans PCC 7492 (16a). The ability of PCC 7002 to be lysed by lysozyme and detergent treatment led to rapid isolation of genomic DNA, which was paramount for map assembly.
No single method exclusively was used to construct the physical map; however, three strategies were used and data from all three were compared. The first method was the use of linking clones to determine the proximity of neighboring PFGE fragments. Lambda recombinants containing a rare (29) . DNAs that separate the repeats are named the short and long single-copy regions. In the large single-copy region of the tobacco chloroplast genome, the gene order is petBD psbB petA atpBE psaAB psbCID atpA psbA, while several ndh genes and psaC are present in the small single-copy region (38) . PCC 7120 also contains two nm operons; however, they are located on opposite sides of the genome. The distinction between the small and large single-copy regions is not apparent, and there is no evidence that more DNA, other than that of the rn operons, is repeated. The gene order previously described (2) is atpBE psaAB atpA psbB on one arc and petCA petBD psbAl on the other arc. In PCC 7002, the gene order is petBD (atpB atpA) psaAB psbB petCA psbAl. It has been shown that the gene orders of higher plant chloroplasts and PCC 7120 differ randomly and several rearrangements would be necessary to reproduce identical orders (2) . Likewise, the gene orders of PCC 7002 and PCC 7120 are quite dissimilar. It has been suggested that the divergence of filamentous, heterocyst-producing, nitrogen-fixing cyanobacteria from non-nitrogen-fixing cyanobacteria occurred at a much later date because of the need to form a heterocyst for protection of the oxygen-sensitive nitrogen-fixing enzymes (16) . It is not surprising that the gene arrangements of these two are so dissimilar. This implies that gene order or proximity is not an overall controlling mechanism in the growth of cyanobacteria.
The generation of an overlapping clone library from phage and cosmid clones will provide a much more detailed map of Synechococcus sp. strain PCC 7002. An overlapping clone library of E. coli has been useful in mapping, ordering, and locating genes by hybridization (24) ; likewise, the existence of such a library for a cyanobacterium facilitates the creation of a much more detailed physical map and the location of genes of interest. Therefore, experiments are under way to create a contiguous physical map from overlapping lambda and cosmid clones.
